The aim of this work is to examine the performance of a glass column filled with a sand filter in oil removal from oilfield produced water (OPW) and synthetic produced water (SOPW). This paper investigated the influence of process parameters such as physical characteristics of sand, column height, types of effluent (oilfield produced water and synthetic produced water), and oil concentration on oil removal efficiency. An OPW sample was taken from effluents of the oilfield unity located at Rio Grande do Norte State (Brazil), and the SOPW sample was prepared using two types of oils and salts (NaCl and KCl). The results showed that the oil concentration decreased significantly after the filtration process. The oil removal efficiency was influenced by the sand particle size and bed height, reaching 90% using a 30 cm high sand bed composed by mixed grain sizes.
INTRODUCTION
A common by-product of oil and gas production (onshore and offshore) is the oilfield produced water (OPW), which is carried out along with the produced fluids. Produced water can occur naturally, in geological formations (formation water) or as a result of water injection, and can also be a mixture of both (Veil et al., 2004) . Another source of OPW is condensed water from gas production (OGP, 2002; Vegueria et al., 2002 ). An important characteristic of OPW is its complex chemical composition, which depends strongly on its origin. Chemical compounds present in OPW include dissolved hydrocarbons, organic acids, phenols, metals, traces of chemical products, and dispersed oil (Utvik, 1999) . In general, the organic constituents of produced water can be distributed into three categories, namely hydrocarbons dissolved in water, dispersed hydrocarbons used in wastewater treatment or water-oil separation, and dissolved organic compounds such as phenols and acids (OGP, 2005). Other factors that affect the composition of OPW are the hydrocarbon composition and the daily activities involved in oil exploration and exploitation (Hayes & Arthur, 2004) . Therefore, the removal of dispersed and soluble hydrocarbons from the OPW is a major environmental challenge. In the USA, the Environmental Protection Agency (EPA) sets a monthly maximum of 29 mg L -1 of oil and grease in wastewater and a daily maximum of 42 mg L There are different types of primary OPW treatments to remove dispersed oil such as filtration, membrane processes, hydrocyclones, and centrifugation. Among them, the filtration process is considered an efficient and low-cost alternative for reducing the turbidity in aqueous suspensions. The filtration consists of a physical separation process, in which dispersed compounds are removed when are passed through a porous medium, retaining them and forming a separate phase known as the cake phase (Geankoplis, 2003) . The separation of impurities by filtration process is associated to different mechanisms such as transport, interception, aggregation, sedimentation, and diffusion (Ives, 1970 In this context, the aim of this work was to determine the efficiency of a sand filter in removing the oil and grease from oilfield and synthetic oil produced water. This work investigates the effect of parameters such as physical characteristics of sand, column height, type of effluent (oilfield produced water and synthetic produced water), and oil concentration on oil removal efficiency.
MATERIAL AND METHODS

Experimental apparatus and oilfield produced water samples
The filtration system used consisted of a glass column (height = 40 cm, diameter = 10 cm). The upper part of the column was filled gravitationally with sand and gravel. The lower part, a 10 cm support layer, was composed by coarse gravel. Coarse gravel was used as a support layer for the sand filter. In order to evaluate the efficiency of TOG removal, two filtration systems were used in this work: one mixed-media filter, consisting of four sand layer with grain sizes arranged in the sequence 12/16, 20/28, 35, and 12/16 mesh (as shown in Figure 1) , and another consisting of sand bed with a fixed grain size of 12/16 mesh. The sand beds used were 15 and 30 cm high for both systems. To optimize the filtration process through experimental design, the efficiency of TOG removal was investigated using solely SOPW. In the latter case, a sand bed (15 and 30 cm high) with a fixed grain size of 12/16 mesh was used. The sand fractions were selected using a set of Tyler sieves. After the different grain sizes were selected, the sand was washed several times to remove impurities. The sand samples were oven dried at 100 °C for 24 h. The gravel was washed and also then dried at 100 °C, for 12 h.
The synthetic oil produced water (SOPW) was prepared from a mixture containing 4 L of distilled water, 8 g of salts (NaCl and KCl, 1:1), and different oil concentrations. The oil sample consisted of a 1:1 mixture of 15 and 22 o API crudes. The mixture was obtained by mechanical agitation (Turratec/Tecnal agitator) for 30 min, at 25 o C, and 27,000 rpm. One liter of suspension was used for each test. The oilfield produced water (OPW) was obtained from a wastewater treatment plant of an operational unity located in Northeast Region of Brazil. Samples were collected at the outlet of the oil-water separator and conserved according to the standard methods established by the American Public Health Association, the APHA (1998).
Analytical procedures
The total oil and grease (TOG) concentration in the samples of synthetic and oilfield produced water (SOPW and OPW) before and after the filtration was determined using an InfraCal analyzer (Wilks enterprise Corp, model HATR-T2 TOG/TPH). This parameter was measured by spectrophotometry in the infrared region, based on the absorbance of C-H bonds (USEPA methods 4.12.2 and 418.1). The grain size distribution of the sand sample was performed by a laser granulometer (Cibas, model 920). Oilfield produced water (OPW) was characterized given its variable composition. Copper, sodium, iron, potassium, cadmium, nickel, and calcium contents were determined using flame atomic absorption spectrophotometry (Varian, model AA240). A multiparametric probe (TROLL, model 9500) was used to determine nitrate, turbidity, pH, conductivity and chloride. The salinity was calculated using Equation 1, based on chloride concentration in the sample (APHA, 1998).
).
RESULTS AND DISCUSSION
Characterization of OPW
The main characteristics of the oilfield produced water are presented in Table 1 . This produced water does not meet the legal requirements in both Brazil and the U.S., because the TOG , respectively. Moreover, the pH (7 -7.5) was between neutral and slightly basic, similar to the ones obtained for the Devecatagi oil production well (pH = 7.1) and those for Vakiflar gas and oil production well (pH = 7.8) 
Characterization of sand bed
Grain size and frequency distribution in sand samples are represented by granulometric curves, shown in Figure 2 . Thus, the sand samples retained Figure 2 shows D10, D30, and D60, corresponding to 10%, 30%, and 60% particles with smaller diameters, presented in Table 2 , along with other physical characteristics of the three sand grain sizes used in the filter, i.e., coefficient of curvature (C C ) and coefficient of uniformity (C u ). According to the American Society for Testing Materials (ASTM), the 12/16 mesh grain size (4 -2 mm) is classified as coarse sand, and the 20/35 mesh (2 -0.425 mm), as medium sand. Also, according to the ASTM, the coefficient of uniformity (C u = D60/D10), which allows assessing the distribution of sand particle size, should be between 4 and 6 to indicate uniform distribution. Regarding to the sand bed, the coefficient of uniformity was around 1.0 for all grain size ranges, and therefore exhibiting non-uniform distribution, corroborating the results showed in particle size distribution curves (Figure 2) . In regards to the coefficient of curvature (C C = (D30) 2 /D60 x D10), the values were approximately 1.0, indicating a proportional distribution of particle size, being that the void spaces left among larger particles can be occupied by smaller particles. This makes the bed more suitable for slow filtration, which, in turn, provides better oil removal.
Experimental design
To optimize the filtration process, considering sand bed height and initial TOG concentration on the removal efficiency of SOPW, a 2 2 factorial design was carried out in duplicate, with eight experiments (Table 3) . This factorial has two factors (bed height and initial concentration of TOG) and two levels for each factor, the lowest level (-) 
Where x 1 is the oil concentration, x 2 is the bed height, and y i corresponds to TOG removal efficiency. The validity of the model was verified using Analysis of Variance (ANOVA), as shown in Table 4 . The coefficient of determination (R 2 ) was applied to evaluate model fit to experimental data. The closer R 2 is to 1, the better the correlation between values calculated by the model and those observed in the experiments is.
The F-value calculated was compared to critical F-value at a 95% confidence level. Table 4 show that the linear model (Equation 2) obtained is significant at a 95% confidence level (F calculated greater than F critical ). In addition, the correlation coefficient (R 2 ) reached 0.9791, indicating that the model explains 97.91% of the variation in experimental data. The F calculated was 9.5 times higher than F critical implying that the proposed model can be considered predictive, significant, and, therefore, adequate to describe the response variable as a function of the factors (Silva et al., Figure 3 shows the response surface and the Pareto chart determined from experimental design. Factorial experimental design allowed determining the effects of initial TOG concentration and the sand bed height on the oil and grease removal efficiency in SOPW.
2015; Anchieta et al., 2016).
The height and concentration variations in the maximum removal region (optimal region), Figure  3a , provide an analysis of the response tendency of the dependent variable (efficiency) predicted by the model (Equation 2). They suggest that the efficiency of removing the TOG from SOPW increases with the increase of sand bed height. ) and bed height (15 and 30 cm) studied. The Pareto chart (Figure 3b) shows statistically significant effects. According to results, the significant effects are height of the sand bed and interaction between it and initial concentration of TOG, which act positively on filtration efficiency.
Filtration efficiency
The filtration was assessed in terms of the efficiency of oil removal and the consequent reduction of TOG concentration in OPW and SOPW. The TOG removal efficiency (Ɛ,%) was calculated from Equation 3: In the 15 cm-high sand bed with a fixed grain size of 12/16 mesh (Figure 4a ), TOG removal from SOPW was around 50%, whereas for oil field wastewater a small reduction was obtained (40%). The poor TOG removal efficiency observed for both wastewaters can be explained by the use of a lower sand bed height (15 cm). In the case of the 30 cm column (12/16 mesh) (Figure 4b ), TOG removal efficiency for both wastewaters (OPW and SOPW) increased considerably (> 60%), confirming that the bed size is an important parameter in the efficiency of the removal process. The experiment with the 30 cm sand bed with mixed grain size (in the sequence 12/16, 20/28, 35, and 12/16 mesh) presented efficiency higher than 85% (Figure 4c ), exhibiting better removal than experiments under other conditions. This confirms that the decrease in grain size along the bed is an important factor in filtration. The enhanced removal in relation to the smaller particle size may be due to their smaller effective diameter (D10), resulting in a slower filtration speed and consequent improvement in quality, since permeability tends to decrease as fine particles fill the empty spaces (Fang & Daniels, 2006). A similar filtration process was used by Cha et al. (2010), however associated with the ozonation method. The authors did not evaluate the TOG removal, but the turbidity of the effluent was reduced from 200 to 2 NTU. The best removal results were observed when using a mixed grain size filter (Figure 4b ), reaching efficiency higher than 90%. Under all the experimental conditions tested, the efficiency in removing the TOG from synthetic oilfield produced water (SOPW) was greater than that of oilfield produced water (OPW), given that the synthetic wastewater exhibits a less complex composition.
CONCLUSIONS
The filtration process with a fixed sand bed proved to be an efficient alternative for removing oil and grease from oilfield produced water. For both synthetic and oilfield produced water (SOPW and OPW, respectively), a significant reduction in oil and grease was obtained. The 30 cm bed was more efficient than its 15 cm counterpart, indicating that removal efficiency depends on the bed height. In regards to grain size, the use of sand with different grain sizes resulted in greater TOG removal efficiency. Oilfield wastewater removal efficiency was slightly lower than that of the synthetic wastewater. According to statistical factorial design, the height of the bed was the most significant variable, but the concentration also had a significant effect on the results when combined with bed height.
